: Dipper life cycle. Episode 1 corresponds to the episode from egg to fledgling stage (in red), episode 2 from fledgling to recruit stage (in green), and episode 3 corresponds to adult female stage (in blue).
STATISTICAL MODEL
Using the above data, our aim is to estimate varying selective optima, extending the implies that selection acts to reduce the phenotypic variance and that selection gradients (sensu Lande and Arnold, 1983) change linearly with the distance from the assumed 191 optimum. 192 Before describing in detail how we implement stabilizing selection, we describe more 193 generally how covariates and random effects (some of which induce varying selection) 194 need to enter into the model given that the different episodes differ in duration. As 195 recommended by Ergon et al. (2017) , we model all three survival probabilities p si only 196 indirectly via effects of covariates and random effects on the hazard function. More 197 specifically, we allow a non-constant hazard (instantaneous mortality rate) with respect 198 to age but assume that covariates and random effects act with a constant multiplicative 199 effect on this rate (via a log link) within each episode of selection. Thus, the hazard for 200 an offspring or an adult female at age a is 201 λ si (a) = λ 0 (a) exp(η si ).
(1)
Here, η si is a (non-linear) predictor containing fixed and random effects on the hazard 202 associated with the i'th breeding event during selection episode s = 1, 2, 3, and λ 0 (a) is a 203 baseline hazard affecting all individuals, possibly varying with age a within each interval.
204
The survival probabilities associated with each of the three episodes of selection are given 
where a s−1 and a s is the age at the beginning and end of selection episode s. Note howλ s 207 is the mean of the possibly non-constant baseline hazard λ 0 (a) during selection episode 208 s.
209
To model selection on the laying date z i and on clutch size y 0i , we in turn assume that 
with the parameter ω s determining the rate of proportional increase in the hazard with 212 increasing deviations of the phenotypic laying date z i from the optimal laying date η 
is another linear sub-predictor determining the hazard at the optimal laying date con-220 taining effects of covariates as well as a number of random effects (details are given in 221 the next 4 paragraphs and Appendix A.1). The above regression coefficients must not 222 be confused with the selection gradient β as defined by Lande and Arnold (1983) . All 223 parameters possibly differ between episodes s = 1, 2, 3, but can also be constrained to the 224 same value for different subsets of episodes. Importantly, this facilitates the formulation 225 of more parsimonious model alternatives in cases where the evidence for any difference 226 between episodes is small. Note that the log of mean baseline hazard has been absorbed 227 in the possibly episode-dependent intercept β 0s = lnλ s in (5).
228
Before going through the details of the linear predictors in 4 and 5, note first that 229 the expected number of recruits produced by a given female (the fecundities f a in the 230 first row of a pre-breeding census Leslie matrix), assuming that a single clutch is laid, are 231 given by products of clutch size y 0 and the survival probabilities for the two first episodes 232 of selection f a (y 0i , z i ) = y 0i p 1i p 2i . These fecundities are important fitness components 233 and correspond to the number of young produced during the breeding season in year t 234 that have survived until the next year t + 1 (see Fig. 1 ). Even without a quadratic effect 235 of clutch size in (5), provided that increasing clutch sizes translates to a reduction in 236 overall survival during episodes s = 1 or 2 (β clutchsize,s sufficiently positive), it follows that 237 these fecundities are maximized for some intermediate clutch size, as expected through 238 the trade-off between offspring number and offspring survival (Smith and Fretwell, 1974) .
239
Note that the model may predict an optimum located outside the range of observed 240 phenotypic values. Thus, our model specifies a joint optimum for the two phenotypic 241 traits laying date and clutch size for which f a (y 0 , z) is maximized. To obtain a more 242 standard measure of the strength of stabilizing selection acting jointly on both traits, we 243 evaluated the matrix of second derivatives of ln f a (y 0 , z) at the joint optimum to obtain 244 the parameters of the Gaussian approximation of the fitness function (appearing in many 245 theoretical models, e.g. Phillips and Arnold (1989a); Chevin (2013); Tufto (2017)). We 246 report the widths ω y0 and ω z of this approximation with respect to each trait (in units 247 of number of eggs and number of days, respectively), analogous to standard deviations 248 of Gaussian distributions.
249
Temporal covariates and temporal random effects appearing in 4 and 5 translate to 250 variation from year to year in the optimal laying date and clutch size, respectively. To 251 model possibly correlated fluctuations in the joint optimum as in Chevin (2013) as well 252 as autocorrelation across time (as in Lande and Shannon, 1996; Lande, 2009; Tufto, 2015; 253 Chevin et al., 2017), the random effects representing yearly variation in overall survival 254 u t (5) and variation in the optimal laying date ζ t (4) are assumed to follow a first-order 255 vector autoregressive VAR(1) process
where Φ is a 2×2 matrix of autoregressive coefficients and w t is bivariate normal N (0, Σ) 257 white noise. This only specifies the autocorrelation matrix function (see Wei, 2006, ch. 258 16.1) of the process (u t , ζ t ). But as long as the variance of u t is small, optimal clutch size 259 will be approximately linearly dependent on u t and so the autocorrelation matrix function 260 of the joint optimal clutch size and laying date will be almost identical to that of (u t , ζ t ).
261
Correlation between u t and ζ t can arise either through Σ, Φ or both having non-zero 262 off-diagonal entries. If Φ and Σ are both diagonal, this simplifies to two independent 263 AR(1) processes and if all entries of Φ are zero, u t and ζ t are simple independent and 264 identically normally distributed (iid) white noise processes. We parameterize this part 265 of the model in terms of Φ, the white noise correlation ρ = Σ 12 / √ Σ 11 Σ 22 , the stationary 266 variance σ 2 ζ of ζ t , and with the stationary variance of u t in (5) set equal to one but with 267 separate parameters σ s representing the potentially different effects of u t on the three 268 selection episodes. Note also that additional correlation in variation of the joint optimum 269 as well as autocorrelation across time can be induced through the temporal fixed effect 270 covariates appearing in each linear predictor.
271
Correlated optima discussed above are distinct from correlational selection. Two kinds of correlational selection can be accommodated in our non-Gaussian model for f a (y 0i , z i ), 273 either by adding z i y 0i as a covariate in (5) making the optimal clutch size dependent 274 on laying date (first kind), or by adding clutch size y 0i as an additional covariate in (4) 275 making the optimal laying date dependent on clutch size (second kind).
276
To model the effect of the age of breeding female, we consider models where the log 277 hazard during the different episodes is either independent of age (a single term β 0,s in (5) walk. This is a commonly used method for smoothing data and modelling response Intercept, optimal egg-laying dateθ 0,s 40.9 ± 9.6 42.1 ± 5.5 0 d
Effect of population density on optimal dateθ dens,s −0.41 ± 0.14 −0.41 ± 0.14 0 d
Effect of winter temperature on optimal dateθ temp,s 0 8.9 ± 3.5 0 d • C −1 Linear deterministic trend on optimal dateθ t,s −1.37 ± 0.59 −1.37 ± 0. all the effects retained in the best model and discuss their implications. Table 2 : Model selection -Displayed are all the tested models derived from the best model retained, the difference ∆AIC (respectively ∆p) in AIC (respectively in number of parameters p) between each model and the best one and their description. Subscripts indicate the selection episode under consideration, i.e. 1 for the first episode from egg to fledgling stage, 2 for the second episode from fledgling to recruit stage and 3 for the third episode corresponding to the adult stage.
∆AIC ∆p Description A 0 0 Best model, see Table 1  B 2.44 2 β age,1 = 0, β age,2 = 0 (different linear age effect for episodes 1 and 2) C 1.97 1 β age,1 = 0 (linear age effect for episode 1) D 0.66 1 β age,1 = β age,2 = 0 (common linear age effect for episodes 1 and 2) E 0.49 1 β age,2 = 0 (linear age effect for episode 2) F 0.94 1 β #eggs,3 G 1.96 1 φ 11 = 0 (u t ∼ AR(1)) H 2 1 σ ζ > 0 and φ 12 = 0 (u t dependent on ζ t-1 ) I 2.97 2 β clutchsize/date,1 = 0, β clutchsize/date,2 = 0 (correlational selection of first kind) J 1.56 1 β clutchsize/date,1 = β clutchsize/date,2 = 0 (correlational selection of first kind) K 16.73 -6 Remove stab. sel. on z (quadratic term in eq. 3) for episodes 1 and 2 L 0.5 1 ω 1 = ω 2 (strength of stabilizing selection different for episodes 1 and 2) M 2.02 1 θ 0,3 = 0 (stabilizing selection for episode 3) N 5.73 -1 θ t = 0 (remove trend in optimal laying date) O 1.21 1 θ clutchsize,1 = θ clutchsize,2 = 0 (correlational selection of second kind) P 2 1 σ ζ > 0 (random effect on optimal laying date) Q 4 2 σ ζ > 0 and φ 22 = 0 (ζ t ∼ AR(1)) R 3.93 2 σ ζ > 0 and φ 21 = 0 (ζ t dependent on u t−1 ) S 9.06 -1 θ temp,2 = 0 (remove temperature effect on optimal laying date) T 7.31 -1 θ dens,1 = θ dens,2 = 0 (remove density effect on optimal laying date) U 9.88 -1 θ alt,1 = θ alt,2 = 0 (remove altitude effect on laying date) V 16.9 0 All age effects modelled as second order random walks
11.62 0 β dens,1 = 0, β dens,3 = 0 AE 14.34 0 β dens,1 = β dens,3 = 0 AF 7.71 0 β dens,2 = β dens,3 AG 12.36 0 β dens,2 = 0, β dens,3 = 0 AH 10.4 0 β dens,1 = β dens,2 = β dens,3 AI 2.66 2 β dens,1 = 0, β dens,2 = 0, β dens,3 = 0 AJ 1.88 -1 β alt,1 = β alt,2 = 0 AK 2.9 1 β alt,1 = 0, β alt,3 = 0 AL 1.97 1 β alt,1 = 0, β alt,2 = 0 AM 1.97 1 β alt,3 = 0 AN 3.41 0 β alt,2 = 0 AO 0.94 0 β alt,1 = 0 AP 2.11 0 β alt,1 = 0, β alt,2 = β alt,3 = 0 AQ 3.74 0 β alt,1 = β alt,2 = 0, β alt,3 = 0 AR 1.27 0 β alt,1 = β alt,2 = β alt,3 AS 3.95 2 β alt,1 = 0, β alt,2 = 0, β alt,3 = 0 AT 1.03 1 β clutchsize/date,1 = 0 (correlational selection of first kind) AU 2 1 β clutchsize/date,2 = 0 (correlational selection of first kind) AV 2.13 1 θ 0,1 = 0, θ 0,2 = 0, θ 0,3 = 0 AW 1.99
3.96 2 σ ζ > 0 and φ 11 = 0 and φ 22 = 0 (u t and ζ t ∼ AR(1)) BQ 4 2 σ ζ > 0 and φ 12 = 0 and φ 21 = 0 BR 7.96 4 σ ζ > 0 and φ 11 , φ 12 , φ 21 and φ 22 = 0
AGE EFFECTS ON SURVIVAL
The best model indicates no effect of mother age on offspring survival from egg to fledgling 316 stage (episode 1) and from fledgling to recruit stage (episode 2) (see last row in Table 1 mortality at the offspring stage, contrary to some other passerine bird species such as 345 great tit (Reed et al., 2013a; Saether et al., 2016) for which low densities are generally 346 associated with high offspring survival. Notice also that high altitudes negatively affect 347 offspring survival from egg to fledgling stage and also from fledgling to recruit stage (see 348 fifth row in Table 1 ).
349

SURVIVAL AND VARYING SELECTIVE OPTIMA FOR CLUTCH SIZE
Mortality on episode 1 decreases in large clutches (see second row in Table 1 , first axis Fig. 3B ). This might be due to malnutrition and reduced parental 361 care (Noordwijk et al., 1980) . As a result of lower survival during the second episode, 362 this translates to overall survival over the two first episodes combined decreasing with 363 increasing clutch size. Therefore, laying too many eggs is associated with increasing 364 offspring mortality. But obviously, laying too few eggs is not a successful breeding tactic 365 for a female either (Lack, 1954; Boyce and Perrins, 1987; Both et al., 2000) . Here, 366 we provide evidence for an optimal clutch size maximizing offspring survival and more 367 generally overall fecundity rate estimated to be 6.69 eggs. The width of the fitness 368 function with respect to clutch sizes, ω y 0 , is estimated to be between 4.89 and 5.89 eggs 369 in different years, being approximately proportional to the optimum in any given year.
370
The fitness function is also somewhat asymmetric with respect to clutch size (Fig. 3C) .
371
This high value for the width of the fitness function indicates weak stabilizing selection 372 for optimal clutch size, as also illustrated in Fig. 3C . 373 We find that this optimal clutch size varies through time between 6.19 and 7.53 eggs 374 (Fig. 4A ). This agrees quite well with observed clutch sizes in the population, mainly 375 ranging between 4 and 6 eggs ( Table 3 ). The mean observed clutch size of 4.52 eggs is 376 somewhat smaller than the estimated overall optimum. However, this observed mean is 377 influenced by the left tail of the frequency distribution, which might reflects total failure 378 of some females. Interestingly, the observed mean clutch size maximizes total fecundity 379 rate ( Fig. 3C ).
380
According to our model, the temporal variation in optimal clutch size is induced by 381 random variations in survival during episode 2 modelled by the random effect term σ 2 u t 382 in (5) (σ s = 0.144 ± 0.050 for episode s = 2, Table 1 ) such that larger clutches turn out to 383 be favoured in years with high survival. Modelling u t as an autoregressive process does 384 not improve the model (Table 2 , model G), that is, we find no evidence for autocorrelation 385 in these variations.
386
Finally, the models including correlational selection between egg-laying date and 387 clutch size on maximum survival on the first two episodes do not perform better than 388 the best model (models I and J, Table 2 ). There is thus no evidence for correlational 389 selection between clutch size and egg-laying date on offspring survival.
390
It should be noted that we have treated clutch size as a trait on which selection 391 operates, rather than as a fitness component. This is reasonable because in many bird 
398
SURVIVAL AND VARYING SELECTIVE OPTIMA FOR EGG-LAYING DATE
We find that egg-laying date is under stabilizing selection. Indeed, removing stabilizing 399 selection in (3) for episodes 1 and 2 does not provide any improvement in AIC (model K, 400 Table 2 ). Interestingly, ω s , that determines the strength of stabilizing selection, is similar 401 for episodes 1 and 2 (see eleventh row in Table 1 ). Indeed, estimating two different values
402
(ω 1 = 33.37 ± 9.1 andω 2 = 49.11 ± 12.8) does not improve the model fit (model L, Table   403 2). Given the much longer duration of episode 2, however, most of the selection happens Table 1 ) and with an overall mean egg-laying date maximizing survival 427 from fledgling to recruit stage estimated to beθ 0,2 = 42.1±5.5 days after the 1 st of March 428 (Fig. 3B, Table 1 ). This translates to a mean egg-laying date maximizing total fecundity rate estimated to be April 12 (Fig. 3C ). This mean optimal date is slightly earlier than the mean laying date actually observed over the study period (April 22 for n = 741 clutches 431 for which information on egg-laying date was available, second axis, Fig. 3C ).
432
Observed egg-laying dates have advanced at a rate of 0.15 ± 0.07 days/year during 433 the 35-year period (Fig. 4B, grey dots) . Interestingly, we find a significant trend towards 434 earlier optimal dates at a rate ofθ t,s = 1.37 ± 0.59 days/year (Table 1) . Removing the 435 trend worsens model fit considerably (model N, Table 2 ). This estimate seems somewhat 436 large and would imply an advance in the optimum of 47 days over the course of the study.
437
The lower confidence limit of 7.24 days for this advance (based on approximate normality Table 2 ) thus providing strong evidence for environmental sensitivity of selection.
446
In particular, when the winter following the breeding season is warm, the optimal laying 447 date maximizing survival from fledgling to recruit stage (i.e. episode 2) is delayed by 448θ temp,2 = 8.9 ± 3.5 days/°C (see eighth row in Table 1 ). One can hypothesize that when 449 the subsequent winter is mild, offspring produced at late laying dates during the previous 450 breeding season are disproportionately more likely to survive, thus generating selection 451 for later laying dates. While including the same effect of winter temperature on the 452 optimal laying date of episode 1 led to a slight improvement in AIC, such a model would 453 clearly be biologically unrealistic as survival on episode 1 has to be causally independent 454 of the following winter conditions (Fig. 1) . This model alternative was thus excluded 455 from consideration (see Burnham and Anderson, 2002, ch. 6.8.7) . Under our best model, 456 different optima for episodes 1 and 2 are therefore estimated (Fig. 4B, red(Table 1) . In plot B, the red and green curves are the estimated optimal laying dates in terms of survival during episodes 1 and 2, respectively, and the black curve the optimal laying date for both episodes combined. Note that the overall optima (black curve) nearly coincide with the optima of the episode 2.
All optima are estimated at the average altitude and for the most frequent clutch size (5 eggs). Grey lines represent mean phenotypic values and the size of the grey dots the frequencies of different phenotypes in the total population. The minor tick marks in plot B are located as in Fig. 3. falls between the green and red curve but much closer to the green curve given the much 462 stronger stabilizing selection during episode two. tion on egg-laying date often depends on the timing of the peak in caterpillars, the main 0.58 at lag 1 (Figure A.3) . For episode 2, despite also being influenced by population 501 density in addition to winter temperature, the resulting optimum given byθ dens,2 dens t + 502θ temp,2 temp t exhibited no significant autocorrelation, mainly because of the larger effect 503 of winter temperature (exhibiting no autocorrelation, Fig. A.2) accounting for 75% of 504 the total variance in the optimum. Since the optimal laying date for episodes 1 and 2 505 combined almost coincides with the optimum for episode 2 (Fig. 4B, black and green   506 curves), the same applies to the corresponding autocorrelation function. Finally, in addition to the dependency on winter temperature and population density, 508 we find that optimal and observed egg-laying dates depend on altitude (model U, Table  is low, for example during selection on laying date in episode s = 2, and not strongly dependent on clutch size, the resulting fitness function is well approximated by a Gaussian 577 function with widths ω z and ω y0 easily derived from the basic parameters of the model 578 (Table 1) . It should also be noted that when estimated optima fall outside the range 579 of observed phenotypic values, the existence of an optimum is not an inference drawn 580 from the data alone. Instead, we assume that an optimum exists and this is a reasonable 581 assumption. For instance, based on a priori biological knowledge, we know that the 582 reproductive success of a female that starts breeding too early in the season under harsh 583 winter conditions will be low. The locations of optima are in turn estimated based on 584 the most parsimonious model of the fitness curvature supported by the data.
585
In our dipper case study, using model selection criteria to choose between a large 586 number of alternative models, we find evidence for varying selective optima on two key life-587 history traits. Spatio-temporal variation in optimal laying dates is induced by variation in The other random effects v k and w j appearing in (5), based on territory and female 820 identity, are included to model possible positive correlation between number of fledglings 821 and recruits produced by the same territory and female in different years. We param-822 eterized the model such that they are iid standard normal and like u t , their effect on 823 the different episodes s = 1, 2, 3 are potentially different, depending on whether their 824 standard deviations τ s and κ s differ between episodes.
825
In practice, the expected number of recruits produced as function of clutch size y 0 826 and laying date z, f a (y 0 , z) (Fig. A.1C) , was computed by evaluating
using numerical integration (R-package cubature), thus integrating out the above non-
